Overexploitation of groundwater (GW) in the recent past is a well-known fact for the Punjab and
INTRODUCTION
The hydrological cycle in any landscape is constituted mainly by three components: (1) water input, (2) water output and (3) water storage (Sass & Creed ) . Among them, the 'water storage component' is considered the most essential component for many geophysical and biophysical processes. The water storage component includes soil moisture, which is dynamic in nature and is the most essential element of water resource management practices as it affects the water cycle of the atmosphere, earth surface and subsurface (Kim et al. ) . The current study concerns Punjab and Haryana states of India, which have experienced intensive farming via groundwater (GW) irrigation that has caused a serious depletion in the water table of the areas. As reported in several studies (Vashisht ; Tripathi et al. ) , the timing of the monsoon arrival in Punjab and Haryana is the last week of June and 80% of rainfall occurs in the months of July and September. These areas traditionally are not a rice growing region. However, the regions' farmers have adopted green revolution strategy and started growing wheat and rice.
Rice cultivation in the region started in the mid-1970s, and since then it has intensified continuously, covering more than 22% of the total geographical area of the Punjab and Haryana at present. Punjab alone contributes 11% of the total rice production of the country's agricultural output and has experienced a more than ten-fold increase in area under rice cultivation since 1966-1967 to 2008-2009 (0.29 Mha and 2.73 Mha, respectively) (Tripathi et al. ) . Since rice requires more water for growth and production in the whole growing period (ranging from 1,300-1,800 mm) compared to any other crop (Pruitt & Doorenbos ; Perveen et al. ) , and the average annual rainfall of the region is much lower (300-700 mm) than that, farmers irrigated the rice crop using both surface and GW resources.
Resourceful farmers with an irrigation facility did not depend on the monsoon for rice transplantation and started rice cultivation even before the onset of monsoon (in the month of May and June). This period is relatively hot and dry and irrigated water evaporates at an intense rate (ranging from 5 to 10 mm/day as per model simulation). More water was extracted from the ground (because of drying of surface water resources in the dry season) for irrigation.
This resulted in a drastic decrease in GW (Tripathi et al.
).
A few remote sensing-based studies have reported this depletion during 2002-2008 using the gravity anomaly data from the Gravity Recovery and Climate Experiment mission (Rodell et al. ; Tiwari et al. ) . Another study conducted by Kaur & Vatta () The objective of the present study was to monitor the change in irrigation practices due to implementation of the Water Act (a pre-and post-analysis) and the associated change in the crop growth pattern in the agricultural landscape of Punjab and Haryana states by using passive microwave-based soil moisture and optical remote sensingbased NDVI. 
STUDY AREA

Soil moisture analysis
Daily soil moisture product was not able to cover the globe completely and some gaps remained at daily temporal resol- Then the analysis was done at two stages: (i) at the pilot area to understand the temporal profiles and (ii) at the state level to see the regional patterns.
At the first stage, year-wise data of the soil moisture were sub-set using a pre-defined boundary of the pilot area Spatially distributed Julian days were analysed on the basis of pre-and post-policy time frame similar to that for the pilot area. The Julian day obtained for the post-policy time frame was subtracted from the Julian day obtained for the pre-policy time frame to get the shift in irrigation practices (Equation (1)): and late (rainfall þ GW) irrigated scenarios, i.e., pre-and post-policy implementation time frame. In our case, prepolicy scenario means the region has spatial variability in the start of rice cultivation due to a controlled irrigation system (transplanting mainly driven by GW). However, in an uncontrolled system (post-policy scenario), which is mainly dependent on rainfall with supplementary irrigation (GW), rice cultivation practices will be started more uniformly in the region. 
Rainfall analysis
Indian Meteorological Department (IMD) rainfall data for the study period were also analysed to remove ambiguity in finding soil moisture shift due to rainfall. These data were generated (by Pai et al. ) using observations from 6,955 rain gauge stations distributed over the whole Indian region. Selected rain gauge stations (about 3,950) were interpolated using an inverse distance weighted interpolation (IDW) scheme to prepare gridded rainfall data with a spatial resolution of 0.25
The rainfall data had similar resolution as the AMSR-E soil moisture, and thus comparing averages of rainfall and soil moisture is quite reasonable.
Rainfall data were sub-set using the pre-defined boundary of the pilot area. This was further partitioned into two sets representing the pre-and post-policy time frames. post-policy time frames. Average rainfall during 155-201
Julian days was subjected to correlation analysis with corresponding soil moisture in both pre-and post-policy scenarios. Our assumption was that if the rainfall alone is governing the soil moisture variation, the relationship will be static and strong in both the pre-and post-policy scenarios. Simply, if the soil moisture variation is governed by rainfall alone (as in the rain-fed system) the correlation (r)
should be high because of positive correlation between soil moisture and rainfall. However, if the soil moisture is governed by some other factor like irrigation it will be high even in the absence of rainfall (as in the irrigated system).
Therefore, the irrigation system will result in poor correlation between soil moisture and rainfall. The correlation analysis between average soil moisture and rainfall of preand post-policy time frames will help in proving our assumptions. OEM is a special criterion by which monsoon arrival is defined by IMD, during a 7-day spell. According to IMD, OEM is decided on the basis of the following three criteria:
(1) First day of the week should be rainy day (i.e., minimum rain should be >2.5 mm).
(2) Total rainfall in 5 days should be equal to 5 × evapotranspiration þ10.
(3) Out of 7 days in a week at least 4 days should receive rainfall !2.5 mm.
ET was taken as 6 mm/day because of the hot and dry conditions of the region.
RESULTS AND DISCUSSION
Year-wise soil moisture analysis It was estimated that there is a total of 2 weeks' shift in attaining SM maxr between the pre-and post-policy implementation period in the pilot area. In the pre-policy time frame, the average days' shift in attaining SM maxr was 175 ± 2 JD with minimum 171 JD and maximum 181 JD.
Average days' shift for SM maxr for the post-policy was 187 ± 1 JD with minimum 181 JD and maximum 191 JD.
However, over the whole study area, average JD to attain SM maxr during pre-policy was 175 ± 4 JD with minimum 165 JD and maximum 187 JD whereas for the post-policy time frame it was 185 ± 3 JD with minimum 149 JD and maximum 193 JD, i.e., in total an overall 10 days' shift over the region.
At the regional scale, we observed that in the pre-policy time frame spatial variability in JD was high (Figure 6 (a)) compared to post-policy time frame (Figure 6(b) ). Less variability in attaining the SM maxr in the post-policy time frame was due to the synchronization of rainfall and irrigation for rice cultivation as conceptualized for a rain-fed system (Figure 2(b) ). However, in the pre-policy time frame, the to pre-policy time frame (r ¼ 0.36, Figure 8(b) ). In the prepolicy time frame, soil moisture is mainly governed by irrigation along with sporadic rainfall events or without rainfall and results in less correlation between soil moisture and rainfall. In the post-policy time frame, soil moisture variation was largely dependent on rainfall along with minimum supplementary irrigation, and thus high correlation (r) was found.
Rainfall and soil moisture relation in pre-and post-policy time frame
The policy implementation effect was observed by passive microwave radiometry in pre-and post-policy scenarios both in the pre-monsoon phase and during the monsoon phase where the vegetation perturbation was minimum. 
Changes/shift in vegetation condition
It is evident that crop growth follows a Gaussian curve trend.
Peak NDVI (NDVImax from hereafter) is reached when the (4) A high variability in irrigation/transplanting practices of rice has been observed over the study region in the early phase (pre-policy implementation) whereas in the later phase (post-policy), a more uniform irrigation/transplanting is obtained.
